Field induced domain wall collisions in thin magnetic nanowires
In a two-dimensional magnetic nanowire, it is possible to engineer collisions between two domain walls put into motion by an externally applied field. We show that the topological defects that define the domain wall can be controlled to allow for both domain wall annihilation and preservation during the collisions as long as the wire remains thin. The preservation process can be used to release pinned domain walls from notches with small applied fields. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3112577͔
Understanding the dynamic properties of a moving magnetic domain wall in a thin, narrow nanowire is a challenge for fundamental physics and for technological applications in magnetic recording and sensing. In a thin, narrow wire the magnetic moments of the material lie in the plane of the wire, oriented along the long axis due to the strong shape anisotropy.
1-3 Although energetically unfavorable, a domain wall may exist in the wire separating regions of opposite magnetization. The simplest domain wall is a transverse wall with head to head or tail to tail alignment with the magnetic moments rotating through a total of 180°. Fast, reliable, and controllable motion of the domain wall is essential for the operation of several proposed nanowire storage, logic, and sensing devices. 4, 5 There is a large effort to understand and control the motion of a single domain wall with lithographic patterning techniques, current pulses, and tailored fields; [6] [7] [8] [9] [10] [11] [12] however it will be necessary to inject and move several domain walls concurrently for practical application. 5, 13 Electric currents and externally applied magnetic fields are the two principle mechanisms for driving a domain wall along a wire. A current is known to each domain wall in the same direction, maintaining the overall magnetic structure in the wire.
14 However, when a magnetic field is used to move two domain walls, the domain walls move in opposite directions and collide. In this letter it is shown that the collision is capable of preserving the domain configuration when the structure of the colliding domain walls is properly controlled.
A magnetic domain wall can be considered a composite object consisting of two or more topologic defects. In a magnetic nanowire, the possible defects are vortices and antivortices with winding number of n = Ϯ 1, and edge defects with half-integer winding number n = Ϯ 1 2 . 15 Possible winding numbers and their relevant magnetic structure is represented in Fig. 1͑a͒ . The simplest domain wall in a thin nanowire consists of two elementary edge defects of opposite winding number for a net composite charge of zero. 15 Two possible composite structures are presented in Fig. 1͑b͒ . It is known that the annihilation requires an interaction between defects with opposite topological charge. 16 Therefore, by suitable creation of the domain structure, both domain wall annihilation and preservation can be realized.
The tool used for visualization of the collisions in a magnetic nanowire is a micromagnetic simulation utilizing the Landau-Lifshitz equation of motion for a magnetic moment m
where ␥ is the gyromagnetic ratio, ␣ is the phenomenological damping parameter, M s is the saturation magnetization, and H is the total field experienced by the moment. 17 A fourth order predictor-corrector integration time step of less than a picosecond and phenomenological damping of ␣ = 0.008 are used to complete the simulations. The materials parameters are those typical of Permalloy with saturation magnetization M s = 8.0ϫ 10 5 A / m, exchange stiffness A = 1.3ϫ 10 −11 J / m, and no crystalline anisotropy. Wires with rectangular cross sections width ranging from 50 to 300 nm and thickness ranging from 2 to 10 nm were simulated. The results presented below are dependent on the thickness. A field-driven domain wall moves quickest, and with the most consistent structure, for fields less than the critical Walker field where vortices and antivortices nucleate in the domain wall. 9, 18 For this reason, the driving fields used in the simulations are all under 15 Oe, which allows for easy control of the magnetic structure.
Two 180°domain walls are inserted at different locations along the length of the wire, creating three longitudinal domains. As shown in time-lapse sequence of Figs. 2͑a͒-2͑d͒, the magnetic moments in each domain wall are aligned parallel to each other along the +y-axis and separate a reversed magnetic domain in the center of the wire ͑−x-axis͒ from the two end domains ͑+x-axis͒. Experimentally a domain wall can be injected into a wire with the use a͒ Electronic mail: andrew.kunz@marquette.edu. of an injection pad attached to one end of the wire. 11 The magnetic structure of the wall can be controlled by the use of a bias field which can change the magnetic state of the pad leaving the wire unaffected. The elementary topological charges for each wall are given in Fig. 2͑a͒ . When a 10 Oe external field is applied along the +x-axis the domains oriented along the field direction grow at the expense of the reverse domain as expected. When the domain walls meet, each edge defect annihilates with an edge defect of opposite topological charge. The annihilation takes place through a reversal of the center reversed domain into the direction of the domain wall magnetization and energy is dissipated through the production of spin waves in the wire.
The simulation is repeated exactly as above, but with the magnetization ͑and therefore the winding numbers͒ of the right-hand domain wall reversed as shown in the time-lapse sequence in Figs. 3͑a͒-3͑d͒ . The applied field drives the domain walls toward each other, but in this case the walls do not annihilate when they collide. To annihilate, two defects of opposite topological charge must interact or a pair of charges must be created [19] [20] [21] [22] and in this case at each edge the interacting topologic charges are the same. The time lapse shows that prior to the collision the central domain shrinks but instead of rotating into the direction of the domain walls as before, the rotation process is frustrated. The best path to reversal is to rotate out-of-plane but the strong shape anisotropy of the thin wire inhibits this process. The walls bounce off of each other before relaxing into the final equilibrium structure shown in Fig. 3͑d͒ . The final structure is a 360°d omain wall. [23] [24] [25] [26] [27] [28] [29] Wires ranging in cross-section width from 50 to 300 nm wire simulated and in each case when the thickness was increased beyond 8 nm the domain walls annihilated upon contact. Keeping the wire thin, and the driving fields below the critical Walker field, helps the system maintain a two-dimensional magnetic structure. As the thickness of the wire grows, the full skyrmion charge, which is a product of the winding number and the out-of-plane magnetization ͑polarization͒ of a topologic defect, becomes important. 16, 19 Due to the first term of the LL Eq. ͑1͒, each domain wall rotates about the applied field ͑in a clockwise direction when looking along the direction of the applied field͒ giving rise to an opposite skyrmion charge at each of the interacting edge defects and leading to a dynamic path of annihilation. However, in the thin 100ϫ 5 nm 2 cross-section wire the domain structure is robust so that a field of over 600 Oe is necessary to remove the 360°wall. At the same time the domain walls are weakly coupled such that a 30 Oe field can separate them back into two individual 180°walls.
The collision process can be used to release a domain wall that is pinned by a notch as shown in the time-lapse series of Figs. 4͑a͒-4͑d͒. Domain wall pinning is critical for many proposed devices but removing the wall from the notch requires large fields, current pulses, or laser heating. In this case a domain wall is held in place by a small notch which requires a minimum field of 80 Oe to release it. The left wall is driven along the wire by a 10 Oe field until it collides with the pinned wall. The pinned wall is forced out of the notch during the collision. This wall will then be shifted down the wire by reversing the applied field.
In summary, by preparing the domain walls with the correct magnetization, it is possible to preserve the walls in a field-driven collision. The elementary winding numbers for each of the colliding domain walls must be identical, and the nanowire must behave two-dimensionally to hold the magnetic moments in the plane of the wire. As the wire thickness is increased, the magnetization is capable of rotating out of the plane and the walls annihilate. The collisions can be used to release pinned domain walls with weak external fields. 
